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Heralded single photons (HSPs) generated by spontaneous parametric down-conversion (SPDC)
are useful resource to achieve various photonic quantum information processing. Given a large-scale
experiment which needs multiple HSPs, increasing the generation rate with suppressing higher-order
pair creation is desirable. One of the promising ways is to use a pump laser with higher repetition
rate. However, little is known of the influence of the pump repetition rate on the indistinguishability
of the HSP. In this work, we reveal that, as the pump repetition rate gets higher, the spectral purity
of the HSP is degraded due to the sparse comb structure of the pump pulse. Furthermore, we show
that the above difficulty is circumvented by performing temporal filtering. As a proof-of-principle
experiment, we experimentally demonstrate a high-visibility Hong-Ou-Mandel interference between
two independent HSPs generated by SPDC with 3.2 GHz-repetition-rate mode-locked pump pulses
via temporal filtering. Our method forms an important building block to achieve large-scale, high-
fidelity, and high-speed photonic quantum information processing.
Photon pairs generated by spontaneous parametric
down-conversion (SPDC) are essential resource for pho-
tonic quantum information processing, such as funda-
mental tests of nonlocality [1, 2], quantum communica-
tion over long distance [3–5], quantum metrology [6, 7],
and boson sampling [8, 9]. To push these technologies
forward, there are two basic requirements for the SPDC
sources: high quality of the photons and high clock rate
for their generation. For the quality, tremendous efforts
have been devoted so far. In light of the recent progresses
on developing SPDC sources with high brightness, indis-
tinguishability, and collection efficiency, the design of the
source itself is approaching to the optimal one [9, 10]. For
the clock rate, it had been limited by the repetition rate
of pump lasers mostly driven in the range of tens of MHz
due to conventional laser oscillator designs. Recently,
GHz-repetition-rate mode-locked pump lasers based on
the photonics technology, e.g. electro-optical (EO) mod-
ulation were introduced to demonstrate ultra-fast gener-
ation of SPDC photon pairs at telecom wavelengths [11–
14] and very recently, the Hong-Ou-Mandel (HOM) inter-
ference [15] of the heralded single photons (HSPs) from
independent SPDC sources with a GHz-order pump was
also observed [16]. One can think of using even faster
mode-locked lasers for pumping. Then a technical but
essential question arises: is it possible to further increase
the rate of photon-pair generation by simply increasing
the pump rate? Or is there any intrinsic limiting factor?
In this paper, we point out that by further increas-
ing the pump rate, the spectral purity starts to decrease
which prevents to realize high-speed and high quality
HSP sources. The spectral purity degradation is caused
by a sparse frequency-comb structure of the ultra-high-
rate pump spectrum. Furthermore, we propose a simple
method to circumvent this limit and demonstrate it ex-
perimentally.
In previous experiments using pulse-pumped SPDC
sources, spectral filtering or group velocity match-
ing (GVM) [17–21] on the SPDC photons has been em-
ployed to obtain the pure HSPs, which eliminates the
spectral correlation between the signal and the idler pho-
tons. As shown in this paper, however, as the pump
repetition rate gets higher, the SPDC spectrum inher-
its a sparse frequency-comb structure of the pump spec-
trum and the spectral correlation still retains even after
performing the above spectral engineering. That is, the
higher the pump repetition rate is, the lower the spectral
purity is, which limits the clock rate of the pure HSP
generation. To overcome this problem, we propose to
use a temporal filtering on the SPDC photons, which
is originally used to generate a pure HSP in continu-
ous wave (cw)-pump regime [22–25]. In experiment, we
demonstrate the high-visibility Hong-Ou-Mandel (HOM)
interference between two independent HSPs generated by
SPDC with 3.2 GHz-repetition-rate mode-locked pump
pulses via temporal filtering. To our knowledge, this is
the highest repetition rate with an observation of the
high-visibility HOM interference between the HSPs. Our
method can adapt to various pumps with even higher
repetition rates and thus could be a basic building block
for a large-scale, high-fidelity, and high-speed photonic
quantum information processing.
RESULTS
Pump repetition rate and purity of the HSP.
We first revisit the method to generate the pure HSP,
and then show the influence of the pump repetition rate
on the spectral purity. The spectral purity of the HSP
is calculated from the joint spectral amplitude (JSA) of
the biphoton state (the detail is given in Method section).
In pulsed pump regime, the JSA can be assumed to be a
broad two-dimensional (2D) Gaussian, which inherits the
spectral distribution of the mode-locked pump pulse as
shown in Fig. 1(a). Here, for simplicity, we ignored the
contribution of the phase matching amplitude of the non-
linear crystal. Since the signal and idler photons possess
frequency correlation, detecting one photon projects the
other photon (HSP) into a mixed state. The frequency
ar
X
iv
:2
00
9.
00
25
5v
1 
 [q
ua
nt-
ph
]  
1 S
ep
 20
20
2FIG. 1. (a) The JSA of the biphoton state with pulsed pump.
The horizontal and vertical axes represent frequencies of the
signal and idler photons, respectively. (b) The JSA after per-
forming GVM or frequency filtering on (a). (c) The JSA of the
biphoton state considering the comb structure of the pump.
(d) The JSA after performing GVM or frequency filtering on
(c).
correlation can be removed by performing the spectral fil-
tering or engineering the phase matching amplitude via
the GVM technique as shown in Fig. 1(b). We note that,
in this model, only the envelope of the pump spectrum
was considered and its internal structure was neglected
since the comb spacing is assumed to be sufficiently nar-
row. By contrast, such a discrete comb structure in the
pump, which is inherited by the JSA, becomes no longer
negligible when the frequency spacing gets broader over
the GHz range. In this case, the JSA of the biphoton
state is given by
Φ(ω, ω) ∝ e−(ω+ω′)2/(2γ2p)
∞∑
n=−∞
e−(ω+ω
′−n∆)2/(2σ2p), (1)
where ∆, γ2p and σ
2
p are the frequency spacing, the enve-
lope variance of the pump comb and the variance of the
each tooth, respectively. Here, for simplicity, we consid-
ered the detuning from the centre angular frequency of
SPDC photons. This situation is shown in Fig. 1(c). In
this regime, even after performing the GVM or the spec-
tral filtering on the SPDC photons, the JSA still retains
a frequency correlation as shown in Fig. 1(d). Namely,
as one increases the pump repetition rate, the JSA gets
sparser and the relevant degradation in the spectral pu-
rity of HSP limits the clock rate of the pure HSP gener-
ation.
FIG. 2. (a) The JTA of the biphoton state plotted by using
Eq. (2). (b) The JSA of the biphoton state after temporal
filtering plotted by using Eq. (3).
Temporal filter. We show that the above trade off
can be circumvented by introducing the temporal filters.
We consider the 2D Fourier transformation of Eq. (1) as
F [Φ(ω, ω′)] ∝ e−t2σ2p/2
∞∑
n=−∞
e−(t−2pin/∆)
2γ2p/2δ(t− t′),
(2)
where δ(t − t′) is Dirac delta function. This joint tem-
poral amplitude (JTA) consists of a pulse train whose
time interval is 2pi/∆, envelope variance is 1/σ2p and the
variance of the each pulse is 1/γ2p . We extract a sin-
gle pulse by introducing the temporal filter Gs/i(t) for
the signal/idler photon with a width of τs/i as shown
in Fig. 2(a). The JTA after the temporal filters is rep-
resented by Gs(t)Gi(t
′)F [Φ(ω, ω′)]. This operation can
be realised by employing narrow detection time windows
using detectors with high temporal resolutions. Perform-
ing inverse 2D Fourier transformation, we obtain the JSA
after the temporal filters in angular frequency domain as
F−1[Gs(t)Gi(t′)] ∗ Φ(ω, ω′), (3)
where ∗ denotes the 2D convolution. The interesting
property of Eq. (3) is that the width of the each tooth is
broadened by the temporal filters as shown in Fig. 2(b).
It is because the width of the each tooth is determined by
the inverse of the envelope width in time domain. Thus
the temporal filter blurs the comb structure in the pump
spectrum and eliminates the correlation of the daugh-
ter photons in angular frequency domain. Finally, by
tailoring the envelope of the JSA using the frequency
filters or the GVM technique, a frequency-uncorrelated
pure HSP is obtained. The important condition for the
temporal filters is that the width of the temporal filter
should be smaller than the inverse of the mode spacing
as τs/i  2pi/∆.
In the previous HOM experiments using independent
HSPs generated by pulse-pumped SPDC, the detection
time windows have been set such that their widths are
much larger than the coherence time of the photons.
Typically, the coherence time of the frequency-filtered
3FIG. 3. The experimental setup. HWP: half-waveplate, LPF: low pass filter, PBS:Polarising beamsplitter, VHG: volume
holographic grating, HPF: high pass filter, PPLN/W: PPLN waveguide. The SPDC photons are directed to the SSPDs by
polarisation-maintaining fibres to suppress the polarisation fluctuation.
SPDC photons are several ps, and the widths of the de-
tection windows (τs/i) have been set to a few ns. When a
standard mode-locked laser is used as a pump, the condi-
tion τs/i  2pi/∆ is naturally satisfied, since the typical
pump repetition rate is around f = 100 MHz which cor-
responds to 2pi/∆ = 1/f =10 ns. However, when one
increases the pump repetition rate, narrow temporal fil-
tering is necessary to retain the purity of the HSP. For
example, when the pump repetition rate is increased to
10 GHz, the temporal filters should be narrower than
100 ps. Notably, our model can quantitatively analyse
the influence of the pump repetition rate and the tempo-
ral filtering on the spectral purity of the JSA.
Experiment. We demonstrate the HOM interference
between the HSPs generated by SPDC with a 3.2 GHz-
repetition-rate mode-locked pump pulses via temporal
filtering. The setup is shown in Fig. 3. The funda-
mental pulse at 1550 nm is obtained from a home-made
frequency comb source based on a dual-drive EO mod-
ulator [14]. The frequency of the fundamental pulses
is doubled by the second harmonic generation (SHG)
using a type-0 10-mm-long periodically poled LiNbO3
waveguide (PPLN/W) whose phase matching bandwidth
is measured to be 174 GHz full width at half maxi-
mum (FWHM). The FWHM of the SHG spectrum was
Γp = 74 GHz as shown in the inset of Fig. 3, where
2pi × Γp := 2
√
ln2γp. Namely, only about 23 teeth were
included in the pump width. The SHG pulse width is
measured to be 7.4 ps via autocorrelation. The pump
pulse is then divided into two spatial modes using a half
waveplate (HWP) and a polarising beamsplitter (PBS),
and directed to the two SPDC sources based on type-
0 34-mm-long PPLN/Ws whose phase matching band-
widths for the pump beam are measured to be 98 GHz
and 92 GHz, respectively. After the strong pump beam
is removed by a long pass filter (LPF), the signal pho-
ton (1565.3 nm) and the idler photon (1535 nm) are di-
vided into different spatial modes by a high pass fil-
ter (HPF). We use volume holographic gratings (VHGs)
to narrow the spectral envelopes of the signal and the
idler photons. The FWHMs of the VHGs are Γs =
32 GHz centred at 1565.3 nm and Γi = 58 GHz cen-
tred at 1535 nm, respectively. The signal photons in
modes 3 and 4 are coupled to the polarisation main-
taining fibres (PMFs), and mixed by a PMF-based half
beamsplitter. All the photons are detected by supercon-
ducting nanowire single-photon detectors (SSPDs) [26],
whose timing jitters are measured to be τ1 = 148 ps (D1),
τ2 = 93 ps (D2), τ3 = 141 ps (D3) and τ4 = 162 ps (D4)
FWHM, respectively. The electric signals from SSPDs
go to a time-to-digital converter (TDC). The electric sig-
nal from D1 is used as a start signal, and the other three
electric signals are used as stop signals. We employ a
coincidence window with a width of τWj for each stop
signal. Thus, the widths of the temporal filters become
τ1 for the photon in mode 1, and the larger of τj and τWj
for the photon in mode j = 2, 3, 4.
Before performing the HOM experiment, we charac-
terise our SPDC sources. We set the average pump power
coupled to PPLN/W-1 and PPLN/W-2 to be 0.32 mW
and 0.13 mW, respectively. At this pump power, the de-
tection rates of the photon pair are 1.51 × 105 cps for
PPLN/W-1 and 1.35 × 105 cps for PPLN/W-2, respec-
tively. The typical Klyshko efficiency [27] is around 15 %
for the idler photon and 7 % for the signal photons. The
discrepancy of the efficiencies mainly comes from the dif-
4FIG. 4. (a) The accidental coincidence between D1 and D2. We employ a coincidence window with a width of τW2 around
11300 ps. (b) The HOM dip with τ1=148 ps, τW2=100 ps and τW3 = τW4=300 ps. (c) The HOM dip with τ1=148 ps and
τW2 = τW3 = τW4=1 ns. The error bars in (b) and (c) are calculated by assuming the Poissonian distribution.
ference in the VHG bandwidths. To evaluate the single-
photon nature of the HSPs, we measured the intensity
correlation function g(2)(0) of the HSPs. g(2)(0) of the
signal photon heralded by Di for i =1, 2 is given by
g
(2)
i =
N(Di)N(Di ∩D3 ∩D4)
N(Di ∩D3)N(Di ∩D4) , (4)
where N(Di) is the number of the heralding signals, and
N(Di ∩Dj) is the coincidence count between Di and Dj .
From the experimental data, g
(2)
1 and g
(2)
2 are calculated
to be 2.98(9) × 10−2 and 2.71(9) × 10−2, respectively,
which indicates that the amount of the higher-order pho-
tons is very small.
Finally, we perform the HOM experiment. To observe
the HOM dip, we employ the coincidence window for
each detection signal. For example, the accidental coin-
cidence between D1 and D2 is shown in Fig. 4(a). Each
peak is separated by the interval of 312.5 ps correspond-
ing to 3.2 GHz pulse train and is not perfectly separated
due to the timing jitters of the SSPDs which are larger
than the coherence time of SPDC photons. We employ a
coincidence window with a width of τW2 = 100 ps around
the corresponding peak. This means that we employ a
100-ps temporal filter for the idler photon in mode 2. For
the electric signals from D3 and D4, we employ the co-
incidence windows with widths of τW3 = τW4 = 300 ps.
These relatively-large coincidence windows are necessary
to observe a HOM dip, otherwise the signal peaks corre-
sponding to the detection signal of the HSPs will pro-
trude from the coincidence window when the relative
delay gets larger. The observed HOM dip is shown in
Fig. 4(b). The visibility is V = 0.88(3), which is much
higher than the classical limit of 0.5, and comparable to
those observed in previous HOM experiments using con-
ventional mode-locked lasers with repetition rates in the
MHz range. When we broaden the coincidence windows,
the visibility is significantly degraded. We show the HOM
dip with τW2 = τW3 = τW4 = 1 ns in Fig. 4(c). While
the coincidence rate increases, the visibility decreases to
V = 0.25(4). These results support the importance of
the temporal filtering to observe the high-visibility HOM
interference in high repetition rate regime.
DISCUSSION
We discuss the way to improve the visibility and the
coincidence rate. We first consider the reason for the
degradation of the visibility. We take the following two
factors into account: (i) the spectral purity P of the HSP
and (ii) higher-order pair creation at the SPDC process.
Denoting the average photon number of the signal pho-
tons heralded by D1/2 by s1/2, we derive a useful relation
among the HOM interference visibility, P , s1/2 and g
(2)
1/2
as
Vth = P × 1
1 +
ζg
(2)
1 +ζ
−1g(2)2
2
, (5)
where ζ := s1/s2. Here, we assumed that the JSAs are
the same between the photon pairs from PPLN/W-1 and
PPLN/W-2. The detailed derivation is given in Supple-
mental material. Using the experimental parameters and
results, we obtain P = 0.97, ζ = 1.12, g
(2)
1 = 2.98× 10−2
and g
(2)
2 = 2.71 × 10−2, which leads to Vth = 0.94.
Here, P is estimated by the numerical simulation using
the experimental parameters (see Method section for de-
tails). The experimental value of V = 0.88(3) is slightly
lower than this value. We guess the deviation from Vth
comes from the side lobes of the VHG diffraction spec-
tra, which is not considered in the simulation. We chose
the narrow VHGs such that their bandwidths are nar-
rower than the pump bandwidth to obtain pure HSPs.
Thus, a broader pump bandwidth may allow us to use
standard band pass filters having broader bandwidths
without side lobes, that should enable higher V . The
pump bandwidth can be broadened with a higher modu-
lation frequency than 3.2 GHz, while the same repetition
rate is maintainable, e.g. by rate conversion using opti-
cal gating [28]. In addition, it is necessary to replace the
PPLN/Ws by those with shorter crystal lengths, other-
wise the effective pump bandwidth is restricted by the
phase matching bandwidths of the PPLN/Ws.
In view of scalability, the coincidence rate is of impor-
tance. In our setup, the temporal filtering reduces the
coincidence rate, since their widths are comparable to the
5FIG. 5. The simulated JSA with current experimental pa-
rameters (a) without temporal filters and (b) with temporal
filters.
timing jitters of the SSPDs as shown in Fig. 4(a). This
effect would be negligible once photon detectors with
lower timing jitters are employed. Recently, a single-
flux-quantum coincidence circuit for SSPDs achieved the
timing jitter of 32.3 ps [29], presumably enabling the tem-
poral filtering without reducing the coincidence rate.
In conclusion, we have demonstrated the high-visibility
HOM interference between two independent HSPs gener-
ated by SPDC with 3.2 GHz-repetition-rate mode-locked
pump pulses. We theoretically and experimentally eluci-
dated the mechanism by which high purity HSPs can be
obtainable via temporal filtering, even when the internal
structure of the sparse pump comb cannot be ignored
as in the GHz range. The repetition rate of the pump
laser is limited by the timing jitters of SSPDs. Thus,
by introducing state-of-the-art photon detection system
with timing jitter of several tens of ps, the high visibility
HOM interference with pump repetition rate higher than
10 GHz would be achievable. Combined with the tech-
niques to efficiently generate and detect the pure HSPs,
our method paves the way to a high-fidelity and high-
speed photonic quantum information processing.
METHODS
Purity of the HSP. We describe how to evaluate
the purity of the HSP. The biphoton state generated by
SPDC is given by
|Ψ〉 =
∫∫
dωdω′Φ(ω, ω′)aˆ†s(ω)aˆ
†
i (ω
′)|vac〉, (6)
where ω/ω′ is an angular frequency of the signal/idler
photon, Φ(ω, ω′) is the JSA of the biphoton state, and
|vac〉 is a vacuum state. aˆ†s/i(ω) is the photon creation
operator of the signal/idler photon whose angular fre-
quency is ω. We consider the case where the signal
and idler photons are separated into different spatial
modes, and thus the commutation relation is given by
[aˆj(ω), aˆ
†
k(ω
′)] = δjkδ(ω − ω′) for j, k ∈ {s, i}. The JSA
is decomposed into Φ(ω, ω′) = α(ω, ω′)β(ω + ω′), where
α(ω, ω′) and β(ω+ω′) are the phase matching amplitude
of the nonlinear crystal and the pump spectral amplitude,
respectively. For simplicity, we ignored the contribution
of the phase matching amplitude in Result section, which
indicates Φ(ω, ω′) ' β(ω+ω′). The spectral purity of the
HSP is determined by the factorability of the JSA, which
can be tested by applying Schmidt decomposition [19] on
Eq. (6) as
|Ψ〉 =
∑
j
√
λj |ψj〉|φj〉, (7)
where
√
λj is known as Schmidt coefficient which satisfies∑
j λj = 1, and |ψj〉 and |φj〉 are the orthonormal basis
vectors. The purity of the HSP is given by P =
∑
j λ
2
j .
If P = 1, the HSP is pure and the spectral correlation
between the signal and the idler photons is eliminated.
Simulation on the JSA. We perform the numer-
ical simulation on the JSA, and calculate the spectral
purity P . First, we consider the case without temporal
filtering. The JSA after the spectral filters is given by
Fs(ω)Fi(ω
′)Φ(ω, ω′), where Fs/i(ω) is the transmission
coefficient of the spectral filters for signal/idler photon,
respectively. We assume that Fs/i(ω) is a Gaussian func-
tion whose FWHM is Γs/i. Substituting the parameters
in Table I, we obtain the JSA as shown in Fig. 5(a).
We clearly see the comb structure of the pump inside the
JSA. Performing the singular value decomposition (SVD)
on the JSA, the purity was estimated to be < 0.5, which
indicates that the HOM visibility cannot exceed the clas-
sical limit without temporal filtering. Note, σp was inten-
tionally large to emphasize each teeth in Fig. 5(a). Hence
the purity could be even worse when a realistic comb
width (∼ kHz) is taken into account. Next, we consider
the case with temporal filtering, where the JSA is given
by F−1[Gs(t)Gi(t′)] ∗ Fs(ω)Fi(ω′)Φ(ω, ω′). Here, we as-
sumed that Gs(t) is a Gaussian function whose FWHM
is τ1 and Gi(t) is a rectangular function with a width of
τW3. In Fig. 5(b), the comb structure in the JSA was
eliminated and the purity, which therefore became un-
affected by σp, was calculated to be 0.97. That is to
say, the temporal filter purified the JSA. Finally, we see
that the envelope of the JSA is slightly asymmetric. The
reason is that the bandwidths of the spectral filters are
different between signal and idler photons.
σp Γp ∆/(2pi) τ1 τW3 Γs Γi
0.5 GHz 74 GHz 3.2 GHz 148 ps 300 ps 32 GHz 58 GHz
TABLE I. Simulation parameters for Fig. 5, which are exper-
imental values except for σp. Resolution (grid size) and total
domain for computation were 0.1 GHz and 300 GHz square
(larger than the plot range), respectively.
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SUPPLEMENTAL MATERIAL
We derive the relation among the HOM visbility (Vth),
and the average photon numbers (s1/2), the intensity cor-
relation functions (g
(2)
1/2) and purity (P ) of the HSPs. We
FIG. 6. (a) The mode division of the HSPs. (b) The sketch of
the HOM interference between HSP1 and HSP2. The mode
of each HSP is divided by a virtual beamsplitter (VBS).
assume that the JSAs of the HSP1 and HSP2 are the
same, which implies that the HSPs are in single mode
with probability P and in the other modes where no in-
terference occurs with probability 1 − P . This is imple-
mented by dividing the wavepacket of the each HSP into
the single-mode part (3(4)x) with probability amplitude
of 4
√
P and the multi-mode part (3(4)y) with probabil-
ity amplitude of
√
1−√P as shown in Fig. 6(a). The
theoretical model is shown in Fig. 6(b). Each of HSP1
in modes 3 and HSP2 in mode 4 is divided into the two
parts by the virtual beamsplitter (VBS) whose transmit-
tance and the reflectance are T =
√
P and R = 1−√P ,
respectively, and mixed by a HBS. We define creation
operators of input/output light of the HBS as bˆ†ij/cˆ
†
ij , re-
spectively, where i = 3, 4 and j = x, y, z, and input light
of the VBS as aˆ†k where k = 3, 3
′, 4, 4′. The above oper-
ators satisfy the commutation relations [aˆk, aˆ
†
k′ ] = δkk′ ,
[bˆij , bˆ
†
i′j′ ] = δii′δjj′ and [cˆij , cˆ
†
i′j′ ] = δii′δjj′ . Since the
input states from 3′, 4′, 3z and 4z are vacuum states,
〈aˆ†3′ aˆ3′〉 = 〈aˆ†4′ aˆ4′〉 = 〈aˆ†3zaˆ3z〉 = 〈aˆ†4zaˆ4z〉 = 0 holds.
Assuming that the Klyshko efficiency ηi of the system
including the detection efficiency of Di for i = 3, 4 is
much less than 1 such that the detection probabilities
are proportional to the photon number in the detected
mode, the coincidence probability C between D3 and D4
is given by
C ∝ η3η4〈: (nˆ3x + nˆ3y + nˆ3z)(nˆ4x + nˆ4y + nˆ4z) :〉, (8)
where nˆij := cˆ
†
ij cˆij is the number operator of the output
modes. As is often the case with practical settings, we
7assume that the the photons in different modes have no
phase correlation and are statistically independent. The
HOM visibility Vth is calculated as follows. When the
relative delay of the HPSs is zero, C takes the minimum
value of C0. When the relative delay is enough large, we
set P = 0 for the VBSs, and C takes the value of C∞.
The HOM visibility is given by 1− C0/C∞. Performing
the unitary transformation UˆHBS of the HBS follwed by
the unitary transformation UˆVBS of the VBS on Eq. (8),
we obtain
C0 ∝ η3η4
(
〈(aˆ†3)2(aˆ3)2〉+ 〈(aˆ†4)2(aˆ4)2〉+ 2(1− P )〈aˆ†3aˆ†4aˆ3aˆ4〉
)
/4. (9)
Here, UˆHBS satisfies UˆHBScˆ
†
3jUˆ
†
HBS = (bˆ
†
3j + bˆ
†
4j)/
√
2
and Uˆ cˆ†4jUˆ
† = (bˆ†3j − bˆ†4j)/
√
2, and UˆVBS satisfies
UˆVBSbˆ
†
3(4)xUˆ
†
VBS = (
4
√
P aˆ†3(4) +
√
1−√P aˆ†3′(4′)) and
UˆVBSbˆ
†
3(4)yUˆ
†
VBS = (
4
√
P aˆ†3(4) −
√
1−√P aˆ†3′(4′)). From
the definition, 〈(aˆ†3)2(aˆ3)2〉/s21 = g(2)1 , 〈(aˆ†4)2(aˆ4)2〉/s22 =
g
(2)
2 and 〈aˆ†3aˆ†4aˆ3aˆ4〉 = s1s2 hold, Eq. (9) is simplified to
C0 ∝ η3η4
(
s21g
(2)
2 + s
2
2g
(2)
2 + 2(1− P )s1s2
)
/4. (10)
On the other hand, C∞ is obtained by substituting P = 0
into Eq. (10) as
C∞ ∝ η3η4
(
s21g
(2)
2 + s
2
2g
(2)
2 + 2s1s2
)
/4. (11)
Finally, the HOM visibility is given by
Vth = 1− C0
C∞
= P × 1
1 +
ζg
(2)
1 +ζ
−1g(2)2
2
, (12)
where ζ := s1/s2.
